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Cell speciﬁcationOrgan development is a complex process in which the activity of scores of interacting transcription factors
and signaling pathways need to be integrated with proliferative growth. Developmental gene regulatory
networks (GRNs) allow capturing essential regulatory pathways at a systems-level and provide an effective
way of approaching such complexity. However typical GRNs studies focus on very early embryonic stages
(usually pre-gastrulation) or late stages, when there is little or no cell proliferation, and therefore do not
consider how organ growth is integrated in the developmental process. This can be conveniently
investigated in the Drosophila melanogaster eye primordium.
Here we present a working model meant to illustrate how during a critical period, the second larval stage,
changes in cells' proliferative pattern are coordinated with the initiation of the Retinal Determination (RD)
gene program. Such changes are regulated in response to two different sources of signal (Wnt1/wg and
BMP2/4/dpp) produced by the anterior and posterior ends of the primordium, respectively. The dpp
signaling is necessary to trigger the RD program. However in order for it to be effective, cells receiving Dpp
have to be out of the wg signaling range. This is obtained thanks to the proliferative growth that precedes the
onset of RD expression. With this network model many of the gene regulatory steps previously known to
participate in growth and patterning are linked. Analysis of the model highlights a few essential regulatory
principles, as well as poses new questions. In addition, these principles might operate during the growth and
patterning of other organs.upo.es (F. Casares).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Gene Regulatory Network (GRN) diagrams are becoming one of
the most powerful ways to represent developmental processes. Since
the ﬁrst introduction of the GRN describing the speciﬁcation of the
endomesoderm territory in the sea urchin embryo (Davidson et al.,
2002), this has proven to be a convenient and effective way to reduce
an often overwhelming amount of accumulated data into a compact
description. Since then, a number of developmental biology systems
have been “reduced” to GRN diagrams (e.g. Chan et al., 2009;
Davidson and Levine, 2008; Georgescu et al., 2008; Loose and Patient,
2004; McCauley et al., 2009; Oliveri et al., 2008; Olson, 2006; Peter
and Davidson, 2009). Not only that, GRNs have been successfully used
to predict system-level properties and they have proven to be
extremely useful “tools” helping researchers identifying critical
aspects of their models (e.g. Bolouri and Davidson, 2009; Smith and
Davidson, 2009).In all the GRN diagrams produced so far, the activity of
speciﬁcation genes (transcription factors and signaling components)
has a prime role in the processes described. The ﬂow of information
is always directed from these genes to those executing cellular
biology functions, such as building structures, or controlling cell
motility or proliferation. This is schematically represented in Fig. 1
(Davidson, 2006). It is interesting to note how, in this kind of
representation, once a progenitor ﬁeld is established by the
recursively wired architecture of a “kernel”, cell proliferation results
as a downstream consequence of speciﬁcation with no contribution
to the progression of the GRN itself. In other words, in this view no
role is played by cell proliferation in the context of a speciﬁcation
network. Not surprisingly, all the GRNs produced so far describe only
very early (or very late) developmental events excluding that
developmental window in which speciﬁed morphogenetic ﬁelds
actually grow to build organs.
However, if we are to approach the problem of organogenesis and
treat it in the context of GRNs, we cannot afford to dismiss
proliferation as a mere consequence of speciﬁcation. As pointed out
in a model proposed by Tabin and Wolpert (2007) dealing with
proximo-distal (PD) speciﬁcation during early vertebrate limb bud
speciﬁcation, cell proliferation may be responsible for moving some
Fig. 1. A diagrammatic representation of a generalized GRN (modiﬁed form Davidson, 2006). Genes are represented by horizontal lines (genomic DNA) topped by bent arrows
(transcriptional start sites, TSSs). Regulatory interactions are depicted as arrows emerging from TSSs and they are either positives (arrows) or negatives (barred lines). Different GRN
functions are indicated by boxes implying the activity of different genes (not always indicated). An arrow points to the position of the “cell cycles, growth” routine, deployed
downstream of speciﬁcation.
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range of the proximal signal, retinoic acid (RA). Otherwise, RA would
prevent further progression of speciﬁcation. Therefore, cells that
eventually ﬁnd themselves far enough from that source are able to
respond to the distal signal (ﬁbroblast growth factor, emitted by the
apical ectodermal ridge) and initiate a different regulator cascade
toward distal speciﬁcation. Similar considerations were derived for
Drosophila early eye development by Kenyon et al. (2003) and
Dominguez and Casares (2005). In this case, wingless (wg, the
Drosophila Wnt-1 homologue) and decapentaplegic (dpp, a BMP2/4
molecule) are expressed in opposite poles of the eye disc, in the
margin cells that surround the eye progenitors (see diagram in Fig. 2;
(Cho et al., 2000; Royet and Finkelstein, 1997). Wg is known to
promote head capsule fates and to repress eye speciﬁcation, which is
instead promoted by Dpp. Although the eye primordium is speciﬁed
during late embryogenesis by the eyeless (ey) and twin of eyeless (toy)
Pax6 genes, the onset of proliferation and the upregulation of retinal
determination (RD) genes only happens in the second larval stage
(L2) (Kenyon et al., 2003; Kumar and Moses, 2001). The L2 eye
primordium is small. Therefore, it has been proposed that all cells in
the L2 eye primordium would receive enough Wg signal to maintain
the retinal determination pathway repressed, even if Dpp is also
received (Kenyon et al., 2003; Royet and Finkelstein, 1997). Since
during L2 the wg and dpp signaling sources remain static, as cells
proliferate the central and posterior regions of the primordium “grow
away” from the reach of Wg. This growth is promoted by the Notch
signaling pathway mainly through the activation of Unpaired (Upd),
one of the ligands of the Janus Activated Kinase/Signal Transducer and
Activator of Transcription (JAK/STAT) pathway, at the posterior pole
of the primordium (the so-called “ﬁring point” for retinal differenti-
ation) (Chao et al., 2004; Cho and Choi, 1998; Dominguez and de Celis,
1998; Dominguez et al., 2004; Papayannopoulos et al., 1998;
Reynolds-Kenneally and Mlodzik, 2005; Tsai and Sun, 2004). Growth
plays a major role in the implementation of the retinal determination
program as shown by experiments by Kenyon et al. (2003). Thus, in
primordia where the Notch signaling pathway had been blocked,
proliferation was severely reduced and the activation of eye absent(eya) (a marker of retinal determination), was diminished or absent.
However, eya loss could be rescued by overexpression of cyclinE,
which stimulated the proliferation of cells where Notch signaling had
been prevented (Kenyon et al., 2003). Therefore cell proliferation is
necessary for the initiation of RD gene expression (Chen et al., 1999;
Curtiss and Mlodzik, 2000; see also Fig. 2A). The interaction between
Wg- and Notch-driven growth in this process was also revealed by
experiments by Kenyon and co-workers. RD gene expression was
partly recovered in eye primordia where Notch signaling had been
compromised by halving the gene dosage of wg Kenyon et al., 2003).
Once the expression of the RD genes is established, eye
primordium cells become determined as retinal precursors. Differen-
tiation then follows as a downstream consequence. The important
point here is that both in the case of the PD axis in vertebrate limb and
in the anterior-posterior axis in the Drosophila eye, progression of the
GRN past the initial speciﬁcation state would be allowed by the
contribution provided by cell proliferation.
In the following, we provide an initial description of the GRN during
early Drosophila eye development. We limit our analysis to L2, before
overt retinal differentiation, as it is at this stage that proliferation plays
its essential role for the progression of the speciﬁcation GRN.
The GRN described here is in the form of a Biotapestry diagram
((Longabaugh et al., 2005); available as .btp ﬁle in the Suppl. Mat.; the
Biotapestry Editor is available online at http://www.biotapestry.org/
) which is discussed below. In the text, only essential references are
provided. The references describing each one of the genetic relation-
ships included in the GRNmodel are provided as embedded in the .btp
ﬁle supplied (Supplementary data). When referring to the GRN the
reader should keep in mind that in the levels (Early, Mid and Late L2)
active genes are indicated in colors while inactive ones are in gray. In
the sub-levels only those genes participating to the functions
indicated by the title are shown in colors.
The system components
We begin our description by deﬁning the components of the
system considered here. The eye disc is a ﬂat sac with two opposing
Fig. 2. (A) A simpliﬁed scheme showing the relationship between the disc proper (DP) cells and the margin cells. A, D, P and V denote anterior, dorsal, posterior and ventral margin
cells respectively. Colors are used according to the legend, to represent the state of activity ofwg and dpp (+means active,−means inactive). (B) A “view from the genome” showing
all the genes considered here, and their regulatory relationships acting during L2. Elements building the L2 GRN are numbered according to the order in which they are presented in
the text. Protein–protein complexes are represented with “bubbles.” Bubbles are also used to indicate critical points at which transduction pathways can be interfered with (i.e.: the
Wg pathway on the Dpp pathway); ﬁnally they are used so that the action of particular signaling molecules are represented only once in our diagrams even if emanated from
multiple sources. Regulatory interactions are dashed or dotted when proposed and if originating from existing nodes (genes whose expression has been demonstrated) or
hypothetical ones respectively.
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epithelium (PE). PE cells abutting the DP are specialized morpholog-
ically and functionally and are calledMargin cells (reviewed in Atkins
and Mardon, 2009 and references therein). The PE and margin cells
express wg and dpp. To simplify, we consider here the Margin-DP
system at L2 (Fig. 2), avoiding the representation of the PE which
would lie on top of the DP and margin cells. In Fig. 2A we show the
domains of wg and dpp expression: the margin can therefore be
subdivided in an anterior/dorsal and dorsal wg+, dpp− domain
(“A” and “D” yellow domains); a posterior/dorsal and posterior wg−,
dpp+ domain (“D” and “P” gray domains); and a remaining ventral
domain (“V”) made of cells which are considered to be genetically and
functionally equivalent to posterior/dorsal margin cells andwhich are
therefore discussed no further.
The genes that operate in margin and DP cells are represented in
the diagram of Fig. 2B in a “view from the genome” (Davidson, 2001),
displaying all the regulatory interaction at once. In our description wechose not to represent all the genes involved in particular processes
and even used “boxes” to represent certain pathways, functions or
even regulatory states (State 1 and 2, see GRN) to keep the description
simple or when not enough information is available. Among the
functions summarized in such a way, “proliferation induced size
increase” plays an essential role in the unfolding of the whole process.
At early L2 the regulatory state of the cells within the DP is deﬁned by
the expression of the homothorax (hth), eyeless (ey) and teashirt (tsh)
genes (reviewed in Pappu and Mardon, 2004).
The different players that allow the operation of the GRN are
placed into 9 groups representing distinct functions executed in the
GRN, which are listed below (and indicated in Fig. 2 B).
1. Thewg and dpp signaling genes and their downstream effectors (b-
cat/tcf and p-mad respectively) provide necessary inputs that
deﬁne the anterior-posterior (AP) polarization of the eye disc.
Initially signaling by Dpp bears no consequences as its blockade is
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Treisman, 2001). hedgehog (hh) has been shown to act as dpp's
upstream activator (Royet and Finkelstein, 1997). Although the
GATA transcription factor pannier (pnr) had been claimed to be an
upstream regulator of wg (Maurel-Zaffran and Treisman, 2000),
later work indicated that this might not be the case (Pereira et al.,
2006), leaving wg without clear upstream regulators.
2. The hth on one hand and the sine oculis-eyes absent-dachshund
(so-eya-dac) transcription factor genes on the other, play antago-
nistic roles in the DP: expression of hth is a consequence of the
transduction of Wg signaling and maintains cells in a proliferative/
progenitor state (state1); expression of the second group of genes
lies downstream from Dpp signaling and triggers retinal determi-
nation (state 2; Bessa et al., 2002; Chen et al., 1999; Curtiss and
Mlodzik, 2000).
3. At early L2, cells are maintained in state 1, and proliferate spending
most of their cell cycle in the G2 phase (Lopes and Casares, 2010).
Synchronization in G2 of proliferating state1 cells depends on hth,
tsh and ey (Lopes and Casares, 2010; Peng et al., 2009). These three
transcription factors, together with yorkie (yki), the Hippo pathway
downstream effector, likely work as a protein complex (Bessa et al.,
2002; Peng et al., 2009). As it is not clear whether the role of such
complex in cell proliferation is independent of Upd, a dashed line
emerges from the latter, impinging on the “proliferation” box of the
GRN.
4. Activation of the eya-so-dac circuitry initiates retinal determina-
tion (RD) and inaugurates state 2 (Bessa et al., 2002) leading later
on (L3) to the expression of the retinal differentiation genes (e.g.:
atonal) (Tanaka-Matakatsu and Du, 2008; Zhang et al., 2006). A
rapid series of mitoses expands the number of state 2 cells at the
so-called ﬁrst mitotic wave (FMW; Wolff and Ready, 1991). The
FMW depends on the activation of the cdc25/string gene
expression from an eye-speciﬁc enhancer (Jemc and Rebay, 2007;
Mozer and Easwarachandran, 1999) by the So-Eya complex (Jemc
and Rebay, 2007), and its activation is restricted to the state 2 cells
by the repressive action of hth (Lopes and Casares, 2010).
5. The pax6 gene eyeless (ey) and its paralogous twin of eyeless (toy)
are expressed in both the margin and in the DP, although the
function of toy has been insufﬁciently studied yet. In the DP ey's
contribution to the GRN changes as Ey engage in regulatory
relationships with both state 1 and state 2 genes (reviewed in
Pappu and Mardon, 2004).
6. The zinc-ﬁnger paralogous genes teashirt (tsh) and tiptop (tio) are
expressed in a coincident domain encompassing the disc proper.
An unknown activator is responsible for their expression; the two
gene products are functionally equivalent (they may partially
compensate each other loss of function) and the two genes engage
in a mutual repressive relationship (Bessa et al., 2009). Auto-
repression has been demonstrated for tsh (Bessa et al., 2009) and it
is proposed here to be in place also for tio, given that the two genes
resulted from a Drosophila-speciﬁc (recent) duplication (Bao and
Friedrich, 2009; Shippy et al., 2008). As we hypothesize the
existence of a common disc proper-speciﬁc activator to explain
expression of both genes in this domain, the topology of the tsh/tio
loop matches that of a symmetrical duplicate of a “programmable
homeostatically ﬁxed expression level” device (gene A activates
gene B; gene B auto-represses its own transcription (Longabaugh
and Bolouri, 2006)), given by the ability of each one protein to bind
the same sequence on each other as well as its own cis-regulatory
sequence: we propose that such arrangement ensures a constant
tsh/tio transcriptional output. This “fuels” the GRN during the
progenitor (hth-dependent, state 1) phase, as well as during the
precursor determination (eya-so-dac-dependent, state 2) phase.
7. The pnr-iroquois Complex (iroC)-fringe-Nocth-Delta-Serrrate-eye-
gone (eyg) gene group deﬁnes dorsal and ventral domains within
the L2 disc which ultimately lead to the activation of the Notchsignaling pathway in a “belt,” a stripe of cells along the dorso-
ventral (DV) axis of the primordium. Note also that wg and hh
transduction plays a role in determining how Notch signaling will
be interpreted through the dorsal activation of iro-C (Cavodeassi et
al., 1999; reviewed in Dominguez and Casares, 2005).
8. The Notch belt overlaps the posterior margin, which has been
proposed to be speciﬁed by Odd genes (Bras-Pereira et al., 2006).
Thereby, it is likely that Odd genes contribute to the activation of
Upd by Notch signaling.
9. In the last group we place the Upd gene and the downstream
consequences of its transcriptional activation and emission as
signaling ligand. Upd transduction through stat results in a
proliferation boost that results in a signiﬁcant increase in size of
the eye disc (Bach et al., 2007; Chao et al., 2004; Reynolds-
Kenneally and Mlodzik, 2005; Tsai and Sun, 2004). It has been also
proposed that proliferation might be induced by Notch indepen-
dently of Upd, although it is not clear what role it would play in the
GRN described here (indicated with dashed line). In any case, and
as consequence of the proliferative boost, posterior DP cells are
removed from the Wg source, emitted from the anterior-dorsal
margin. Therefore while at early L2Wg protein can be seen all over
the eye primordium, later on (late L2) this signaling is restricted to
the anterior part of this tissue.
The early L2 (48–60 h)
For an overview of the early–mid L2 (48–60 h post fertiliza-
tion) the reader should refer to the biotapestry diagram provided
(“EarlyL2”). In Fig. 3A we show a view of this stage where the
different territories can be identiﬁed in accord with the display of
Fig 2B. In what follows, we will focus on some aspects of the GRN
that are presented in Fig. 3B–D and in the “Early–mid L2” sub-
levels in the GRN.
There are three major stories unfolding at this point. The ﬁrst one,
which happens in the dorsal margin, sees the antagonism betweenwg
and dpp signaling systems; as wemove to the DP we see how “state 1”
(proliferating progenitors) is maintained; ﬁnally, as we focus on the
equator of the disc, we will see what role the regulatory state of the
cells at this latitude plays in the deﬁnition of the axial coordinate
system of the disc.
The margin cells
In this territory, the exclusive anterior and dorsal activation of wg
and the dorsal and posterior activation of dpp is due to the operation
of dedicated activators (hh for dpp and yet to be identiﬁed for wg), as
indicated in the GRN. Transduction of the dpp signaling system is
however interfered by tcf within the margin as well as in the DP; as
Wg diffuses throughout the primordium this would be the only
signaling transduction system actually active at this time (Fig. 3B;
evidence for tcf repressing dpp signaling downstream of the Dpp
receptor has been provided by (Hazelett et al., 1998); this model was
elaborated by (Dominguez and Casares, 2005)).
The A/P polarization of the margin results also in the asymmetrical
activation of odd genes; these are expressed anywhere in the margin
(because of unknown activator(s); not indicated in the GRN) except in
its anterior-dorsal portion because in this region Wg/tcf repress them
(see GRN). wg signaling is necessary for odd repression in the anterior
dorsal margin (wg-mutant discs show a derepression of drm, one of the
odd genes, along the anterior-dorsal margin) but it is not sufﬁcient to
repress odd genes along the posterior margin (Bras-Pereira et al., 2006).
Perhaps thedorsally expressed transcription factorpnr collaborateswith
wg in this repression. If thatwere the case, the tcfandpnrnegative inputs
on odd genes would be integrated in the anterior dorsal margin through
an AND logic (Istrail and Davidson, 2005) that is, both would be
necessary for this repression (see GRN diagram).
Fig. 3. (A) Diagram for the GRN at early-mid L2 stage (48–60 h). The spatial relationships between cells in the different territories are apparent and indicated consistently with Fig.
2A. (B) The Wg signaling emanating from the margin acts on the margin cells as well as on the eye primordium cells and provokes a blockade of Dpp signaling. Activation of wg and
dpp and the regulatory relationship between these signaling systems are shown as discussed in the text. (C and C') The regulatory state of the cells in the eye primordium is shown.
The consequences of it on the repression of the RD genes (C) and the cells' proliferative behavior (C') are discussed in the text. D. Cells in the “Notch asymmetrical interpretation belt”
are shown belonging to the DP (left) and to the posterior margin (right). These are denoted as “...dorsal (or ventral) belt cells.”Note that belt cells participate in the regulatory state of
the territory to which they belong. Therefore belt cells in the posterior margin also express odd genes.
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The regulatory state of the cells in the DP is deﬁned by three
elements (Fig. 3C and C'):
1. The expression of hth. This results from the transduction of the wg
signaling emanating from the margin. Ectopic Wg expression(Pichaud and Casares, 2000) or mutations that activate the pathway
(Baonza and Freeman, 2002; Lee and Treisman, 2001) maintain hth
expression. On the other hand, preventing wg signaling in Frizzeld
(Fz), Drosophila Fz-2 (Dfz2) double mutant clones or by expressing
dominant negative forms of TCF (which are equivalent to awg loss of
function) result in loss of hth in other adult primordia (Azpiazu and
Morata, 2000; Casares and Mann, 2000).
Fig. 4. (A) Diagram for the GRN at late L2 stage (60–72 h). The spatial relationship
between cells in the different territories is apparent. Because of cell proliferation, a
posterior and an anterior part is now distinguished in the eye primordium. Therefore D-
A and D-P denote the anterior and posterior parts of the dorsal margin respectively. DP-
A and DP-P the anterior and posterior parts of the DP respectively. (B) Posterior DP cells
have began expressing the RD genes as consequence of the activation of p-mad
(downstream effector of Dpp). (C) Expression of eya and so results in the activation of
the string gene and in the triggering of the ﬁrst mitotic wave (FMW).
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weakens signiﬁcantly during L3 (see below).
3. The tsh/tio loop. Ectopic expression of tsh or tio in the eye
primordium and in tissues other than the eye maintains Hth protein
(Bessa et al., 2009). As Tsh andHth have been shown to take part in a
protein complex (Bessa et al., 2002), in our GRN diagramwe propose
that during early L2 the output of the tsh/tio loop is utilized to
maintain Hth through the formation of a Hth+Tsh(tio) protein
complex. Thiswouldalso imply a self-maintenance of theHthprotein
(again through the formation of the Tsh+Hth complex).
Because of 1 and 3, a regulatory loop can be recognized where Tsh
(Tio)+Hth maintain Hth and represses eya. In this context the Tsh
(Tio) input acts as the “driver” of the system (hth is also expressed in
the margin but such a loop is not established there). It is also possible
that Tshmaintains Hth independently of the complex. In such case the
topology of the circuit would resemble that of a feed-forward loop
(FFL) where Tsh(Tio)NHth and Tsh(Tio) AND Hth repress eya.
In early L2 the three elements are present throughout the pri-
mordium. The cells in this territory are maintained in a proliferative
state as discussed in the previous section and as shown in Fig. 3C.
Also, RD gene expression is prevented (maintaining the progenitor
state) because of the above-mentioned activity of Hth and Tsh on eya
(Fig 3C') and because of the wg-tcf pathway: this interferes with the
transduction of the dpp signaling which might also be needed for the
activation of so (see later). Therefore neither eya nor so can be
expressed at this time. Both hth and tcf are activated downstream of
thewg signaling transduction (although tcf is downstream ofwg only
in a functional sense). Therefore expression of RD genes is inhibited
for as long as the wg signaling is received by the cells of the eye
primordium.
The “Notch asymmetrical interpretation belt”
This “belt” comprises cells of the DP as well as of the posterior
margin. In Fig. 3D these are shown within each respective territory
and participate in their regulatory state.
The asymmetric interpretation of Notch signaling is a consequence
of the dorsal transduction of Hh (Cavodeassi et al., 1999). Together
with Wg transduction, this allows dorsal expression of iro-C which in
turn represses fringe.
Essentially, the function of this asymmetric interpretation of Notch
signaling is that of creating a stripe along which the eyg gene is
induced (Dominguez et al., 2004). As this stripe extends into the
posterior margin, it intersects with expression of Odd genes. It is at
this point that upd gene expression is elicited resulting in the emission
of Upd ligand (Tsai and Sun, 2004). Whether Odd genes are necessary
for upd's activation (as we propose) remains to be investigated.
MidL2 (notprecisely deﬁned as far as timebounds go, corresponding
to the end of early L2)
At this time cells in the DP are induced to proliferate by
transduction of Upd. Interestingly, Upd only drives proliferation in
state 1 (progenitor) cells. Therefore in our diagram a positive input
emerges from “Reg state 1” to propose that such state is permissive to
Upd transduction.
Also, we included in this stage the proposed induction of
proliferation by Notch (independently of Upd) and the possibility
that the Yki+Hth+Ey+Tsh complex stimulates proliferation as well
(see GRN).
Late L2 (60–72 h)
As before, a general overview of this stage can be found in the GRN
ﬁle accompanying this paper (“Late L2”). Fig. 4A shows a view of thisstage with the territories indicated similarly as Figs 3A and 2B. At this
time the DP is distinguished into an anterior (A) and a posterior (P)
portion. The regulatory state changes observed in the posterior part
are the focus of the following discussion.
Dorsal margin (posterior)
Wg signaling continues to be emitted by the anterior part of the
margin. However because of the growth that is induced by Upd, cells
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dpp expression will no longer be blocked here (see GRN).
Disc proper (posterior)
AsWg is no longer received, cells in this territory are now exposed
to Dpp signaling which can be transduced with no interference
(Fig. 4B and C). This has consequences for (1) the regulatory state and
(2) the proliferative behavior of the cells in this region.
(1) The ﬁrst consequence of Dpp transduction is that hth
expression is switched off. Therefore the tsh/tio input is no longer
used to interfere with eya function but to activate it instead. In other
words, in this model eya activation is, at least in part, an indirect
consequence of hth repression; this however does not exclude the
possibility that eya might be also directly activated by Dpp
downstream effector. so expression initiates as well, requiring an
input from ey (and perhaps also from toy) and from Dpp.
The overall result is that RD genes are now expressed and state 2 is
established. One important consequence of the progression of the
speciﬁcation program of the primordium is the installment of
regulatory loops to which the ey/toy gene circuit can contribute,
which feed into RD gene expression: (a) a feed forward loop (FFL)
with so (toyNey; toy and eyNso); (b) a regulatory cascade with tsh to
activate eya; and (c) a feed back loop where toy/eyNso and So (via a
protein complex with Eya and Dac)Ney, where So and likely Dac
provide the DNA binding domains. The ﬁrst two loops establish
regulatory state 2, while the third might stabilize it (Fig. 4B). In
principle this combination might make the regulatory state indepen-
dent of the presence of Dpp, and irreversible for as long as tsh/tio and
ey/toy are being expressed. This is indeed the case, as once the
expression of eya has been initiated the Dpp pathway is no longer
required for eya's expression (Curtiss and Mlodzik, 2000; Wiersdorff
et al., 1996). Later on however, a further progression of the regulatory
state will be needed: to this aim expression of two key genes
animating the regulatory state, tsh and ey (Baker et al., 2009), will fade
away “unlocking” the regulatory state and allowing acquisition of new
expression patterns by the cells in the disc proper conducive to their
differentiation. At L3, activation of RD genes will promote expression
of the proneural gene atonal (ato), which marks the speciﬁcation of
retinal precursors. ato receives positive inputs from ey, eya and so and
from Hh signaling (Dominguez, 1999; Tanaka-Matakatsu and Du,
2008; Zhang et al., 2006).
2-Once state 2 is established, cells no longer respond to Upd.
Whether this is due to the lack of actual transduction of the signal in
state 2 cells (for example, because of the absence of expression of any
of the signaling pathway components), or to other state 2-speciﬁc
proliferation blocking mechanisms is not clear yet. Similarly to what
was done for state 1 cells, a barred line emerges from “reg state 2” to
propose that such state is somehow not permissive to Upd reception
(see GRN).
As so and eya are being expressed they can go on activating the
cdc25/string gene (Fig 4C) no longer under repression by Hth. Cells in
the primordiumwhich have been lagging in G2 are now “pushed” into
a fast mitotic division, the ﬁrst mitotic wave (Mozer and Easwar-
achandran, 1999; Wolff and Ready, 1991).
General remarks: what this is all about
Even though there are several aspects that still need to be veriﬁed,
the model described above presents some interesting features, which
can be summarized as follows:
1. This model considers the margin and the DP as parts of an
integrated system. During L2 regulatory information ﬂows be-
tween the former and the latter by way of intercellular signaling.
This is elaborated and utilized to modify the regulatory state andthe proliferative behavior of the cells in the DP allowing
progression from early to mid, and then to late L2.
2. As proliferation increases the size of the primordium-margin this is
exploited to:
(i) separate the wg and the dpp signaling systems in the dorsal
margin along the A/P axis.
(ii) remove the posterior part of the primordium from the source
of wg signaling (the anterior dorsal margin).
Removal ofwg signaling is the critical step as it allows the installment
of regulatory circuits that switch the state of the primordium cells
from a pre-differentiation/proliferative state (state 1) to a differ-
entiation/quiescent state (state 2), activating RD genes.
3. Several circuits are deployed which work as noise-ﬁltering devices
(Madan Babu et al., 2007). The tsh/tio loop provides a regulatory
input both on hth as well as eya, the key genes for state 1 and 2
respectively. As proposed, the main property of this loop is to
ensure a stable level of tsh/tio transcription, thanks to the mutual
repression between tsh and tio (Bessa et al., 2009). Two other
circuits in the eye primordium cells might have the property of
providing a stable input into RD genes: the tsh-hth FFL which
represses eya and the toy-ey FFL which is used to activate so. The
input coming from this latter is integrated with that provided by
the dpp signaling.
Because of 2 and 3, a “state switch function” (which allows the
choice between state 1 and state 2) is built by integrating the input
provided by signaling systems and the stable outputs emerging
from regulatory loops. It is interesting to see how negative
interactions are used in this context to “drive forward” the
regulatory state of the primordium cells toward retinal determi-
nation. Fate of these cells will be locked-in with the establishment
of a feed-back loop involving ey/toy in late L2.
4. A deep intertwining between the speciﬁcation program and the
control of proliferation is accomplished in the system. As the
analysis presented here shows, this is made possible by at least two
features:
(a) The transduction of a speciﬁc signaling affects genes that control
the regulatory state as well as the proliferative behavior.
Examples of this are given by the already mentioned con-
sequences of Wg, Dpp and Upd signaling.
(b) All the outputs emerging from the transcription factors
operating in the DP impinge on other regulatory genes as well
as genes within proliferation-control “routines.”
The consequence of 2, 3 and 4 is that a tight connection exists
between speciﬁcation and proliferation. On the one hand, regulatory
information is directed from speciﬁcation to proliferation routines
and directly affects the state of activity of the genes within. At the
same time as proliferative growth increases the size of the
primordium, it indirectly affects the state of speciﬁcation because it
modulates the reception of signaling that are used to inform it.
Therefore, an important difference can be seen between this scenario
and that proposed by (Davidson, 2006). Furthermore, we propose that
the logical function described here (“make it grow to allow further
speciﬁcation”) might in fact coincide with the existence of a GRN
“building block” (Davidson, 2009) for animal adult body part
formation. One of the properties deﬁning the topology of such a
block would be the special relationship we observed between
regulatory genes and genes in proliferation routines. This principle
is indeed found in other well-studied developmental processes where
a similar problem (coordination of patterning and growth) is dealt
with: the PD growth and patterning of vertebrate limbs and
Drosophila legs. The Drosophila leg primordium is ﬁrst subdivided
into P and D domains, characterized by the expression of hth and Dll,
respectively. The leg's primary signaling system comprises also wg
and dpp, although in this case, both pathways synergize to maintain
the D domain. The P expression of hth antagonizes the signaling ofwg
Fig. 5. Body parts (and animals) of different complexity and size may be built
depending on how proliferation routines are deployed during the developmental
process: (A) Small and simple structures are built in the absence of proliferation.
Instead when proliferation is extensive (B and C) two different outcomes can be
imagined as discussed in the text. Boxes represent genetic routines. Arrows indicate the
direction by which one routine affect another. Red indicates regulatory information.
Green indicates size-dependent modulation of signal reception.
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2004). Interestingly, further elaboration of the PD axis, including the
generation of an intermediate dac-expressing domain, requires
proliferation, in this case dependent on the btd/Sp1 genes (Estella et
al., 2003). This process is strikingly reminiscent to that of PD axis
development in the vertebrate limb, where the P domain expresses
meis1, the homologue of hth, which antagonizes the D signaling (in
this case FGF8). Again, extension of the PD axis requires the action of
the btd/Sp1 homologues, Sp8 and Sp9 (reviewed in Tabin and
Wolpert, 2007).
As evidences for the generalization of such a building block will
however have to await further analyses, we can step back from the
example studied here to consider different developmental scenarios
that door donot include theproliferation-to-speciﬁcation feedback, and
make hypotheses onwhat kind of adult body parts (and animals) can be
built (Fig. 5). When proliferation plays no (or a very limited) role, very
simple structures might be built (the level of those found in a type 1
embryo (Davidson, 1991); Fig. 5A). On the other hand, when
proliferation is deployed two different outcomes could be predicted. If
proliferation happens downstream of speciﬁcation (Fig. 5B) but has no
(or very small) contribution to speciﬁcation, the body parts (or animals)
that can be constructed are necessary simple (although they might be
even very large) beingmade of a relatively low number of cells types or
tissue andwith a simple architecture (thinkof a jellyﬁsh for example). In
this scenario, all speciﬁcation events happen before any proliferation.
Therefore, cell fate acquisition precedes any growth. The complexity of
the structure that they will eventually form will reach a certain level,
limited by the conditions in which initial speciﬁcation happens.
On the contrary when an intertwining between speciﬁcation and
proliferation is allowed (and even reiterated many times during the
developmental process) complex and (often but not necessarily) large
body parts (or animals) can be made (Fig. 5C). In the eye disc we have
seen how proliferation is used essentially to allow cells in the ﬁeld to
“escape” the regulatory state imposed initially (state 1) and to adopt a
new one (state 2). Obviously the new state is somewhat “predicted” by
the initial architecture of the structure in which cells are embedded
sinceDpp is produced fromthebeginning.However this input acquires a
meaning only after growth. In other words, growth is used to “unlock”
the possibility of new regulatory states that (although predicted)would
be impossible in its absence. In essence, in this system cells learn theirfate “on the way”: they will achieve an initial speciﬁcation at the
beginning of the developmental process but at every step growth will
contribute to the unveiling of new regulatory potentials.
It is probable that the scenario of Fig. 5B does not happen in
real life; instead the one of Fig. 5C might have been mostly
adopted in extant animals: differences in the complexity of animal
body parts would therefore be due to the extent at which the
strategy sketched here is reiterated during development. This
could critically contribute to the higher level of complexity of the
body parts eventually built.
Overall, the analysis presented here suggests that co-ordination
between speciﬁcation and proliferation is more than just a mere
business of putting proliferation genetic programs under the control
of speciﬁcation. Instead, we have shown for the Drosophila eye how
genetic circuitries controlling proliferation provide (indirect) inputs
into speciﬁcation GRN controlling the construction of adult body
parts. Therefore any discussion about how these programs have been
assembled in evolution should carefully take these considerations into
account. Importantly, most of the cis-regulatory sequences responsi-
ble for the integration of the linkages drawn in theDrosophila eye GRN
model are unknown. Therefore, we still lack a basic understanding of
the molecular events directly controlling the network. Perhaps the
most pressing next question will be to discover these cis-regulatory
DNA regions and understand their molecular workings.
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